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EXPERIMENT K-6-13

PART I: EFFECTS OF MICROGqAVI'fY ON THE MYOCARDIAL FINE STRUCTURE OF
RATS FLOWN ON COSMOS 1887 - ULTRASTRUCTURE STUDIES

D. Phflpott, I. Popova, L. Serova, K. Kam, J. Stevenson, J. Miquel, and W. Sapp

SUMMARY

The left ventricle of hearts from rats flown on the Cosmos 1887 biosatellite for 12.5 days was
compared to the santo tissue of synchronousand vivarium ¢xmtrol_ maintained in a ground
based lah:_'atory. The volume density of the miti_dmndria in the myocardium of the space-flov,n
animals was statistically less (p = < 0.01) than thatof the synchronous or vivarium control rats.
Exposure to microgravityresultedin a cmain degree of myocardialdegenerationmanifested in
mitochondrialchanges and accumulation of myeloid bodies. Generalizedmyofibdllar edema was
also ooscrved.

INTRODUC'TION

Vasculardcconditioning, which is an i_t medical problem, is recognized as one of the key
concerns of space flight research. This loss of physiological pcrfommn_ of thecirculatory system
is accompanied by disuse muscle atrophy triggered by the reduced functional load of the musculo-
skeletal system in the microgravityenvironment Animal models are often used to examine disuse.
atrophybecause they aremore amenable to the morphological and biochemicalresearch needed to
unravel the mechanisms of muscle breakdown. Using these models, we can design preventive
counterlllgasures.

Although early Soviet space flight data suggested that rat heartwas insensitive to weightlessness
(Oganessyan and Eloyan, 1979), more recent studies have shown that subcellular alterations occur
in the rat heartfollowing exposure to spacemicrogravity or on-the-ground imnx_bilization
(Baranski, 1983). An exanfination of rats from a 22-day flight, sacrificed 4.5-9 hrs postflight,
revealed changes in capillariesand veins consisting of edema of theendothelial cytoplasm,
appearance of myeloid b,xlies and swelling of mitochondria. In the ca:'diomyocytes, exposure to
microgravity results in an increase in the numberof lipid droplets and an increase in the amount of
exwamitochonddal glycogen. Philpott et al. (1985, 1987) also reported alterations in the heart
foUowing exposure to space microgravity on Space Lab-3, including a significant decrease in
volume density of the mitochondria, loss of micrombules and increases in lipid droplets and
glycogen.

Rat heartmass decreased 4.26% and oxygen consumption decle.ased from 62 mm squared to 38
nun squared/100 mg/hr after 120 days of restraint (Kovalenko et al. 1971). Eleclro:i nficroscopy
revealed non-uniform swelling and a decrease in the numberof cristae of the mitochondria and

• changes in their patterns of orientation (Kovalcnko et al. 1970, Kovalenko et al. 1972). The
endothelium of the capillaries exhibited swelling a.,_dimpairment of _ cell membra_ sa'ucture.
Mailyan et al. (1970) induced hypokinesia by exercise restriction which resulted in reduced heart
function accompanied by a cleardecrease in mass and changes in the uItraz_actural elements on
which biological oxidation processes are dependent. Shtykhno and Udovichenko (1978) showed a
decrease in the number of true capill'_des, appearance of nonfunctioning empty vessels, and an
opening of artefiovenular shunts.
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Inanotherstudyonm_leratsthatwererestrainedfor120dayselectronmicroscopyrevealed,by ,
day14,anincreaseivthenumberofandadecreaseinthesizeofmitochondria(Romanov°1976).
Atdays45-60,sizeandnumberofmitochondaul_ normal,butbythe120thclayboths_ze
andnumberofmitochondrlawere_ thaninconlrolnon-restraineda.nimsls.Thereasonsfor
the_e changes are unkllown and furtherresearch is needed to clarify tb_adaptive mechanisms
involved in the response of the he,art tissues to alt,m:_lgravity.

Stereological methodswere used to study skelelal and heart muscle changes after 30 days of
hypokinesia (Neponmya._..chikhet al. 1985). Forty-eightmale rats were confined in cages,
allowing virtually no movement. The ratio of muscle to connective tissue in themyocardia
decreased (connective tissue proliferafiun),therelative volume of intracellularmaterialincreased
(edema), and the _ bed was altered, leading to a degrading of metabolic laUCesses.
Both morphological and stereological analysis revealedmyocardial atrophy.Phi!portet al. (1984)
demonswated a significant decrease in volume denfity of mitochondria in the ratdeep qaadriceps (6
& 9-days suspension) and superficial quadriceps (12-d_ys suspension) accompanied by an
increase in the number of mitochondriaand a decrease in the perimeter of the mitochondria.

Microtubules perform a cytoskeletal role in cells, providing for structtwalintegrity and intracelh,,lar
translxa,t. It is believed that microtubuleshave an orienting fun_on for inwaceHularstructures in
muscle, especially the myofibrils. Cartwright &'_dGoldstein (1985) have shown that the number
of microtubulesin the rat heart increase for the first nine posmatal days and thendecrease to a
steady state. These _.uthorshave observed a specific patternin the numberof microtubules,
relative to increases in the numberof myofibrils in both heartand soleus muscle. This indicates
that the microtubulesprovide an orienting function for myofibrils. The relatively stable state of the
microtubules,which are observed in the adult heart, tend to supporta static cytoskeletal role for
microtubules in a normalfunctioning heart. Warren(1968) demonstrated that the breakdownof
microtubules by colchicine disrupts the orderlyarrangement of myofilament bundles in
regenerating frog skeletal muscle. Cartwrightand Goldstein (1985) believe that reduced
microtubuledensity reflects a decreasednecessity for scaffolding after well-oriented,densely
packed myofilament bundles areestablished. Only the microtubules requiredfor growth remain.

Male rats were flown for 7 days on Space Lab-3 and saclificed 12 hoursafter recovery of the
shuttle. Philpott et al. (1985) observed a decrease in microtubules in rat hearttissue. Thi:; would
suggest a decreasedneed for scaffolding as heartshave been shown to lose raass undersimulated
weightlessness. An increase in number of microtubules in response to suess-induced hypertrophy
has been shown by Samuel et al. (1983), and these microtubules temporarilyreorganize into
bundled arrays. Little is known about the assembly and breakdown of heartmicrotubules. In rats
flown on Space Lab-3, ultrasmacturalchanges include an increase in glycogen and small ?Lipid
droplets, and a decrease in cytoskeletal tubulescompared to controls.

The present study expands our previous research in which male Wistar rats were flown on Space
Lab.3 (SL-3) t0r seven :ays (Philpott et al., 1985). In agreement with the earlierresearch, we
have found that exposure to microgravityresults in a number of myocardial changes inc!iuding,
myofibrillaredema, loss of cytoskeletal tubules,mitochor trial disorganization and accumulation
of glycogen and lipid.

MATERIALSAND METHODS

All of theanimals were male rats of the Czechoslovakian-Wistar strain, weighing about. 325g at
launch time. The biosatellite Cosmos 1887 flight lasted 12.5 days, and landed in SibeP_a.The rats
were transportedby bus, airplane andvan to the laboratory "inMoscow, and were sacrificed two
days after recovery.Tissue was obtained from five space flown rats for the study of the effects of
microgravity on the myocardium. Ten ratsof the same age and sex served as controls. Of these,
five animals were kept under normal laboratory conditions ("vivarium controls") and five were
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maintained,underthe same conditions as the space- flown ratswith the exception of no
microgravity ("synchronous controls"). The heartswere removed as quickly as possible after °
sacrifice and immersed ip cold saline (Fig. _,)to slow the raetabolicrateduringdissection (Kato, ct
al., 1987). The left ventricles were removed and cut into fourpans. Two of the pieces were placed
into cold TripleFix (Philpott,et al., 1980); theremaining two pieces were frozen in liquid nitrogen
andlatertransferredto dry ice for uansportationto Ames ResearchCenter. All tissues were placed
in screw top teflon tubes to facilitate handling andtransportation.Upon arrivalin the United States,
the tissue in Triple Fix was immersed in 1%osmic acid plus 1%K3Fe(CN)6 for one hour
(McDonald, 1983), dehydratedwith ascending concentrations of acetone, infiltratedwith epon
araldite,embedded, sectioned and stainedfor electron microscopy. A minimum of 100 electron
micrographsfrom each animal were taken in a Philips-300 transmission electron microscope.
Volume density-of the,mitochondriawas determinedby point counting, as described by Weibel
0969), using 8xl0 micrographsat a magnification of 27,500X.

RESUL'i'5AND DISCUSSION

The mean animal weights at recovery were: Flight -- 303.2gm (S.E. 2.4), Synchronous =
349.0gm (S.E. 5.8), and Vivarium = 342.0gm (S.E. 7.7). Point counting on random micrographs
to determine the volume density of mitochondria,revealed a significant decrease in volume
density in the flight-anirr_ tissue, compared to the controls. Some of the myofibrils in the flight
samples exhibited degenerationof th_mitochondriaand formationof myeloid bodies. Generalized
edema was present in themyofibrils showing degeneration. There was some increase in glycogen
andlipid in the myocardium of Cosmos 1887 flown rats but not as markedlyas in animalsexposed
to mi-'rogravityin the ShuttleSpacelab (SL°3)ot subjectedto immobilization-suspension.

Previous researchsuggests thatmicrogravityleads to degenerativestructuralchanges and
biochemical adaptations involving storage of lipid andglycogen. In this study, the accumzdationof
these substanceswas not as _vident as in previous space flights, which may be due to difficulties
during recoveryresulting in a 42 hour fasting period priorto sacrifice. Glycogen increase is seen
in Fig 2 and Fig. 3 where some increase in lipids is also observed.

Su'ucturalchanges seen in the Cosmos flown rats include some loss of m;,crotubulesand fibriUar
edema that may be linked to tissue breakdown,with a concomitant increase in osmotic pressm'e

fluid entry into thecells. Intermittentareasof missing protofibril(actin, myosin fdaments)
were observed in cross sections of flight tissue which is indicative of muscle degradation (Fig. 4).
Anothersuuctmal change seen is mitochondrJalbreakdown,which occurs both in space flown and
immobilized animals. (Pig. 5). A number of fibers in the flight tissue exhibited supercontraction
(Fig. 3). While preparativetechnique can contributeto this, the supercontraction was not
evident in thecontrols. It is possible thatmitochondrialbreakdownis releasing calcium which
may contribmc to the contractedstate. These changes can be compared to the vivarium and
synchronous control tissues (Figs. 6, 7). Point counting of the mit_hondria in the left ventricle
resulted in a mean of 39.9 for the vivarium, 38.9 synchronous and 32.5 for the flight tissue. The
t-test shows a s_gnifican_difference between the flight and both the -_,ivariumand synchronous
controls of < 0.01, but no significant difference between the vivarium and syncbzonous controls
(Fig. 8). It is cle_u"that the volume density of thc mitochondria in the flight group was reduced by a

. significant amount.

Since the sympathetic nervous system exerts atrophic influence on ritebiosynthesis of myofibrils
and mitochondria (Joseph and Engcl, 1980), a decreased sympathetic activity, under conditions of
microgravity ¢¢immobilization, could play a key role in mitochondrial degeneration.
Mitochondrialdamage could also result from changes in intracellular oxygen tension. According to
Fedorov and Shurova (1973), immobilized rabbits show capillary alterations which might impair
the deliver)' of oxygen and nutrients to the myocardial cells. This would decrease,the ATP
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synthesis in all or _rnc of the mitochondrialpopul_ons, andsince ATP is needed for
mitochondrialmaintenance andreplication,theend n:sultwould be umrepair_ mitodKmddal loss
(Tzagoloff, 1982). Capillary alterationswere also seen in the flight tissues (Fig. 9) in the form of
nurc_rous endothcilal invaginafions projec_g into the lumen of the capillaries.

The above hypothesis is supportedby the fact that alterations in the supply of o,_ygenand nutrimts
to the ¢xganclles result in fine structuraland biocbemical changes in the mitochondria of iscbemic
or anoxic myocardium (DcGasperis et al., 1970; Delatglesia and Lumb, 1972; Fern-artsand
Roberts, 1971; Rouslin et al., 1980; Taylor and Shaikh, 1984). Both sympathetic and oxygen-
mediated mechanisms m'_ytmderly the organclle changes sin_ h-b_decline in sympathetic nervous
activity may also influence mitochondria through its effect on myocardial blood peffusion
(Popovic, 1981).

The present data support the view that an optimum work load imposed on the heart, i.e. nxxieram
physical exercise at norrr',alEarth gravity, is essential for ptt,scrvation of mitochondrial su'ucan¢
and function (Miquel et al., 1980; Miquel 1982). At present, our understanding of the causes and
basic mechanisms of cardiovascular deoonditioning is inadequate. Changes/lesions have been
observed in the cardiovascular tiss_. This may provide information which will be of relevance and
imlxa'tance for the well-being of individuals involved in prolonged space flight under conditions of
microgravity and/or significantly restrictedor diminished physical activity.
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Fig. 1.Diagramof hearttissuepreparationshowinghow the bean is quicklycooledaftersacrifice,
in orderto decreasemetabolism-linkextautophagicbreakdownpriorto fixation.
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Fig. 2. Abundant glycogen deposits (arrows) in the myocardium of a space-flown rat. 27,500X.
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Fig. 3. A super contracted tiber connecting to a normal fiber was seen in the flight tissue. Note
the lighter staining m:tochondria in the super contracted fiber, increased glycogen and swollen
mitoehondria (arrow;. 19,500X.
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Fig. 4. Filamentsarcoccasionallymissing(arrows)incrosssectionsof the left vcntrick"_,ta 11_gh_
rat. 130,0t_X.
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Fig. 5. Evidence of mitochondrial alteration (arrow) in the left ventricle of a space-flown animal.
127,500X.
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Fig. 6. Vivarium control left ventricle t_,,sue Note c_t client pre,,ervation. 27,500X.
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Fig. 7. c ,chronous control left ventricle. Note similarity to vivarium control. 27,500X.
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Fig. 8. Volume density of mitochondria in the myocardi,m of rats flo_,n in the Cosmos 1887
biosatellite.

312

w F

1990017136-304



i

[

d ;'

,. ° ,

- _:./ ll_ "_

, _ _°

Fig. 9. Ultrastructuralalterationsseen in the left ventricleof a flightrat.Note the endothelialprojectionsin the lumenof the capillary. 141,000X.
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EXPERIMENT K-6-13 ._t

PART II: CELLULARDISTRIBUTION OF CYCLICAMP-DEPENDENT PROTEIN KINASE
REGULATORY SUBUNITS IN HEART MUSCLE OF RATS FLOWN O1';_COSMOS 1887

M. Mednieks

SUMMARY

In tl_ study, thecellular compartmentalizationandbiochemical localizationof re,gulatory (R)
subunits of cyclic AMP-dependentproteinkinase (cAPK) of ventricularheart tissue from rats
obtainedfrom the COSMOS 1887 wcfc determined. Photoaffinity labeling with a [32p]-8-azido
analog of cyclic AMP, eloctrophoretic separationof the proteins was followed by autoradiographic
identification of the subccilularfractionin which the labeled R subunitsare loca]!ized. Similarly,
antibodies to R subunits were preparedand employed in an immunogold electron microscopic
procedure to directly visualize cellular compartmentalization of the cAPK R sub_Lmits.Our results
show thatprotein banding patterns in both thecytoplasmic fraction and in a fraction enriched in
chromatin-bound proteins showed some individual variability in tissues of different animals, but
exhibited no changes that can be attributedto the flight. Examination of cellular 1c:.alizationof the
isotopically labeled R subunits of cAPK isotypes showed no change in the distribution of RI in
either the soluble or particulate fractions whereasthe _mesenceof RIIin the particg_te subcellular
frac,donas well as in there_on_ of nut;learchromatin was _m-eadydecreased in tissues from ratsin
the flight m'oupwhen comparedto controls. Identical results were obtained in comparable tissues
obtained from the U.S. Space Lab 3 (SL-3) mission. These findings indicate that a major
catechoiamine hormone regulated mechanism in cardiac tissue is altered during some aspect of
space travel.

INTRODUCTION

Samples were obtained from the Cosmos 1887 flight and tested with respect to cellular
eomparunentalization and biochemical localization of cyclic AMP-dependent protein kinase
(cAPK). Results were compared to the findings of similar analyses performed using materials
obtained from the U.S. Space Lab 3 (SL-3) mission.

The study was undertaken in order to gain insight into the mechanistic aspects of cardi,m changes
that both animals and humans undergo as a consequence of space travel (1,2). Cardiac
hypertrophy and cephaiad fluid shifts have been observed after several days of actual or simulated
weightlessness and raise concerns regarding the functioning of the heart and circulatory ,.ystem
during and after travel in space (3,4,5).

A number of physiologic changes, attributed to space travel conditions in experimenud animals and
in humans, can be the consequence of increased circulating levels of cateeholaminc hormones. On

, a cellular level such responses are of two types and have been studied in other tissues (6,1). The
immediate effects, which are generally transient in nature and the later or delayed ef'fects which
appear to be longer lasting, involve gene regulation and have longer or unknown recovery periods.
The second type of reaction is of considerable practical concern and is addressed in this study.

A series of events occur as a consequence of stimulation of cardiac muscle tissue by catecholamhm
hormones: receptor binding at the cells' surface is followed by activation of adenylate cyclase in the
plasma membrane resulting in increased cyclic AMP production, activation of cAPK, and is i1

i.
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playedoutastheintra_llul,_signal_g whichisafunctionoft_ a_ivityanddistribution
ofcAPK.

Thetwobasicstepsinintracellularpro_inphosphoryla6oawhicharen'_:liatedbycAMP are:a)
.holoenzymedissoc_tion and b) regulatory (R) and catalytic (C) subunit aclivity:

+ cAMP
R2"C2 .......................... > 2R'cAMP +2 C

where R*C is the catalytically inactive holozyme, R'cAMP represents regulatory subunits, with
binding sites occupied. Two isotypes (I and H) of cAPK have been found wluch have identical C
subunits, but differing R subunits, RI and RII (8,9).

An advantage in this experimental design is the specificity of the cAPK R subunits: they are the
only known euka_otic cAMP-receptor or cAMP-binding proteins (10). Labe!_ R subunits serve
as radioactive probes to .searchfor cytosolic or nuclear cellular localization of cAPIC Antibodies
generated to R subunits served as independent trr.ansof immunocytochemical localization.

The fundamental finding of this study is the apparent decrease of nuclear cAPK RII. This is
consistent with previous results using tissues from rats flown on SL-3.

MATERIAL_ AND METHODS

The initial experiments were carried out at NASA, Ames, Moffctt Field, but were repeated and
concluded at Northwestern University in Chicago. While the methods employed were identical,
aliquots of the samples used, equipment, solutions and individuals carrying out the procedures
varied. This repetition was undertaken to ensure that the results were reproducible.

Tissue Homogenization and Cell Fractionation

Heart (left ventricle) tissue pieces were weighed and a 0.05M Tris, pH 7.5 buffer containing
0.06M EDTA, 0.005M MgC12 and 0.001M benzamidine and phenyl methyl sulfonyl flouride
(PSMF) was added to make a 15% (w/v) homogenate. The tissue pieces were disrupted using a
Polytron probe at the number 5 setting with two 30 second bursts. These and all subsequent
operations using the tissue homogenates were carried out at 4 °(2. The homogenates were
centrifuged at 10 kG for 30 minutes and the supematant solution was removed and saved and
subsequently designated the r,oluble fraction. The particulate fraction was suspended in the same
volume as the original homogenate in 0.30M KC1 containing the homogenization buffer. The
samples were mixed using a Vortex mixer at the maximum setting, allowed to stand for 30
minutes, mixed again and centrifuged at 10kG for 30 minutes. The supernatant of this
centrifugation was saved and is referre_ to as the particulate fraction extract. The tissue
fractionation steps are shown schematically as follows:
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Centrifuge

lOkG, M min.

I i
Pellet Supernstant

(soluble fraction)

0.3 M KC1
Centrifuge

I I
Supernatant Pellet
(particulate Fraction extract)

Heart muscle tissue samples from each individual animal were homogenized separately, andall
analyses were carriedout on these samples. Some individual variability could be observed, so
that if tissues were pooled and only groups, i.e., control, simulated and flight were analyzed, the
individual differences of one animal might seriously alter the averagevalue of the whole group.

Photoaffinity Labeling.

Photoaffinity labeling was carried out using a method modified from Hoyer et al (8). as described
previously (11). Duplicate aliquots containing 50 _g total protein were taken from the
homogen_e, the soluble fraction and t_e particulatefraction extractand incubated with 5 _Ci
each of [_zp] -8-azido cyclic AMP ([32I_]-8-N3-cAMP) in an equal volume of buffer containing
0.25M KC1, 0.002M "Iris, pH 7.6, 0.001M EDTA for 30 minutes at 4 oc, in the dark. Photolysis
was carried out using a mineralite UV lamp at a wavelength of 250 nm at a distance of S cm. The
samples were then treated with activated charcoal and centrifuged.

Total incorporation of the labeled analog was measured by taking duplicate aliquots of _arnples
representing 0.1 mg tissue adding trichloroacetic acid to the concentration of 5% and allowed to
form a precipitate overnight in the cold. The precipitates were collected, solublized and duplicate
aliquots were counted using a liquid scintillation counter.

Electrophoresis and Autoradiography.

Sodium dodecyl sulfate polyacrylamide gel electroohoresis (SDS-PAGE) was carried out using a
mini-gel apparatus (Hoffer Instruments). Standard procedures, described before (14), were
employed in preparing the electrophoresis separations. The proteins were then electrophoretically
transferred to nitrocellulose by Western blotting. Autoradiography was carried out by exposing
either dried gels or Wet,tern blots to X-ray film to detect the radioactively labeled protein bands.
Colored standards (Amersham Rainbow markers) were used to determine relative mobilities of
standard proteins and to identify the radioactively labeled R subunits.
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Electronmicroscopic immunnogold labeling.

Polyclonal antibody reactive withcAPK RI was used for postembedding cytocbemical
immunogold labeling of rat heart and testis tissues from the Cosmos flight. The serum was an
early positive bleeding and has not been affinity purified. The serum was used only to test for
normal inu'acellular RI distribution. Animal handling was in accordance with NIH guidelines.
Procedures for immunolabeling were modified from those of Roth and his associates and from
Bendayan and have been described before (19). Dilutions of antibody were 1:200 and 1:400 The
higher dilution was used to test specificity by antigen inhibition. All quantitative procedures were
subjected to standardstatistical analysis and all effects on the tissue of flight animals were,
compared to those of vivarium and simulation con_,ls.

RESULTS

Protein Concentration and BandingPatterns

Rat heart ventricle tissue pieces were disruptedanda soluble fraction and an extract of the
particulatefractions were prepared. Tissues from each indiv;.dualanimal were homogenized
separately and were subse_aently analyzed on an individual basis. The reason for this procedure is
that either subtle ,_;fferences between experimental and control groups might be missed by
examining a single combined sample or conversely, a single tissue piece with extremes in
variability may impart a dJ_'omportionatelygreateffect. When individual samples are examined
may well be explaine2 by some special condition in one animal (since log-on data from COSMOS
are available, e.g., Flight Animal #10 had a significant weight loss, compared to controls, and
showeo an atypical banding patterv [Figure 3, lane 8]). Additionally, as further flight data become
available, accumulating a ce)l_tic., of banding patterns may yield statistically significant
information as t,',possible differences o[ consistencies, and may become important if heart muscle
changes undergoes during space flight.

Electrophoretic separation under denaturing conditions was carriedout to examine the protein
banding patterns of the flight anir, al tissues and to compare them to the simulated series and to
various controls. Qualit Ltively,the protein banding patterns were alike for all groups.
Densitometric analyses revealed individual differences from animal to animal, but no consistently
observed differences between the flight animal tissues when compax_ to either the tissues of the
rats from simulation experiments or to the control group (Fig. 1).

Weight per volume samples (tissue weight in mg/vol buffer to make a 15%homogenate) were
prepared and homogenized. Protein concentrations of the soluble fraction and of the extracted
particulate fraction were determined by colodmetric measurements and by densitometric analysis of
the individual banding patterns (Table I and Figure 1). Table I shows that protein concentrations
were the same in the majority of samples (within experimental error) so that only minor
adjusunents in volume had to be made in pipetting assay solutions of identical concentration with
respect to total protein content. Similarly, representative densitometry patterns are shown in Fig. 1
(control A, and simulation B) where the _ame protein concentration is apparent as the number of
peaks, and as the sum of the total area of the peaks. The individual peak heights did vary from
animal to animal. No consistent pattern however, could be correlated with the flight or with either
of the control groups.

The protein banding patterns of the soluble fractions of the tissue extracts differ significantly from
the banding patterns of the particulate fraction extracts. No differences, however, were observed
between control, simulated or flight animal cell fractions (Fig.lA, 2A, and 3A and in densitometry
in Fig. 1). Individual differences between minor bands and some major bands were seen mainly in
the soluble fraction banding patterns, but no correlation could be made with either flight or
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simulation co_litions. Similarobservationswere previously made in studying cAMP-binding
protein distrib_]tionon the heart muscle of rats after chronic stimulation with isoprotercnol (in
press).

Affinity labeling with Azido CycLicAMP

i The binding_.?an isotopically labeled azido catalogof cyclic AMP to its receptorprotein (cAPK R
subunits) was determined by performing the binding assay, measuring the total ipcorporation into

_ protein, followed by electrophore:ticseparationof RI and RII and determiningtheir relative
photoaffinity labeling. Fig. 3. shows photoaffinity labeling of the soluble fraction of 4 control and
4 flight anirml heart muscle tissues. There is no difference between the groups in total binding.of
the cAMP an,flog. Similarly, (not shown) when flight, simulation, and control group labeling Is
compared, no,consistent difference is shown. The R subunit in cytosol is predominantly of the

' type I isozyme and is indicated in Fig. 3 and verified in the distribution of gold panicles bound to
antiserum reactive with rat liver RI (Fig. 5A and B). Some a_do-labeled RII was observed and it

' is not clear whether an entry in the photoaffinity label of RI/from flight animals in the soluble
. fraction is present. Extensive analyses of several concentratit, J,s and incubation times have to be
.:. carried out to ascertain this. At present, the conclusion is that no differences are found in the

affinity label (of RI) in the soluble fractions of heart tissues when comparing flight and control
: samples.

Significant differences in photoaffinity labeling, however, are consistently found in the particulate
fraction extracts: less azido cAMP is bound to flight than to control animal RII (Fig. 4 A and B).
Banding patterns (Fig 4A) and an autoradiogram (Fig. 4B) are shown side by side to demonstrate

• first, that equal amounts of pn:,tein were photoaffinity labeled and applied to each lane of the
electrophoresis gel and second _:odemonstrate the unequivocal SlX_Cificityof cyclic AMP binding to
R subunits. It should be noted that while the banding pattern exhibits no difference between flight
and control tissues, the autoradiogram shows a substantially reduced binding to RII (Fig. 4B,
lanes 6-9). Note also that both control and flight tissue samples show a faster moving
autoradiographic label, presumeably a proteolytic degradation product.

Photoaffmity labeling with '3-N3cAMP of soluble cell fractions and the particulate fraction extracts
was undertaken to determine the cellular distribution of cAPK R subunits and to compare the
compartmental distribution between flight tissues and controls. Total 8-N3 cAMP bound to
proteins is shown in Fig. ",., as counts per minute per mg protein. Generally the cytoplasmic
fraction proteins are more extensively (3 to 4 fold) labeled than the particulate fraction proteins. In
the soluble fraction no significant difference was observed between flight and controls (first three
points shown in Fig. 2). In the particulate fraction extract, the flight heart muscle showed a
significant increase in bound 8-N3 cAMP, when compared to vivarium control. Similarly, the
synchronous control showed an increase of total 8-N3 cAMP binding in the particulate fraction.

Comparison of banding patterns and cyclic AMP-binding properties between soluble and
particulate cell fractions of the synchronous controls is shown in Fig. 3. Electrophoretic protein
banding patterns are showa in Fig. 3A and differ between the soluble and particulate cell fractions
(lanes 1-4 and 6-10, respectively). The banding patterns of the sok" or particulate fractions are
not different from those of either the vivarium controls or the flight a,_m, ls (not shown). This is
consistent with our earlier observations. The autorzdiographic results, (Fig. 3B) on the other
hand, show marked differences of R subunit type and distribution. The soluble fraction contains
both RI and RII, althoug, RII should be less that RI (10-15). The particulate fraction contains
more RII than RI which is also consistent with previous observations. The particulate fraction
contains largely RII. In sample 6, very little RII can be seen and may be due to variation between
individual animals. When compared to controls, however, the extent of labeling is significantly
more than in flight animals. Thus the electrophoretic and autoradiographic determination of R
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,I
subunit presence anddismbution does not representall the label that is incorporated, since ;.he
flight particulate fraction contains markedly diminished or absent R's in the cell fractions of
animals from the Cosmos flight (fig. 4B). The banding patterns of the particulate samples are
shown in Fig. 4A (lar,es 2-5 arecontrols, lanes 6-9 are flight). Lane 1 is a control sample of heart
tissue taken from a laboratoryrattaken atthe time of the experiment to test labeling specificity by
adding cold cyclic .MVIP.Lane 6 is a color standard to show relative mobilities. The autoradio-
gram of the Western blot is shown in Fig. 4B. The soluble fraction contains mainly RI and a faster
moving component andno differences are seen between flight andcontrol animal samples of heart
tissue extracts, Fig. 4C. As stated previously, the R subunits in the particulate fraction are mainly
RII with some RI present and occasionally a faster moving fragment is seen. These fragments are
probably products of proteolysis. This might also explain the increase of to_alcounts in the syn-
chronoussimulation samples, indicating that more label per total pro_in may Oepresent due to
increase in the protein degradation, but not necessarily due to increased/decreased amounts of intact
RII.

DISCUSSION

A major mechanism of cellular regulation is the cyclic interconversion of enzymes between the
phospho- and dephosphoforms. Phosphorylation is the most common molecular regulatory
mechanism - more than other covalent modification. Desensitization of the Beta receptor
(adenylase cyclase system) results from continued stimulation by catecholamine hormones. This is
an adaptive mechanism which may ulnmately be expressed in decreased cAPK subunit synthesis
and agonist-induced desensitization of the b-adrenergic receptor-linked adenylate cyclase
Pharmacological Reviews and the corresponding intracellular signal processing events have
been.thoroughly reviewed (Harden, T.K. Pharmacological Reviews, 35:5-28, 1983 and
references therein).

Many hormones act on responsive cells by activating second messenger pathways. Of these the
cyclic AMP (and the calcium) pathways change cellular activity through specific protein kinase.
By phosphorylating cytoplasmic and nuclear proteins this kinase coordinates cellular activity.
Biosynthesis of specific proteins is known to be modulated in heart muscle as well as in other cell
types. It has now been shown that transcriptional regulation requires a cAMP response element
(CRE) which is conserved in cAMP responsive genes. Phosphorylation of CRE-binding proteins
may be the mechanism of gene activation in hormonally regulated cells. Consequently the relative
cellular disposition of cyclic A_W-dependent protein kinase may be an index of such events in
heart muscle. The results of this _tudy appear to be related to these phenomena and should be
further investigated from the molecular biology standpoint.

CONCLUSIONS

The basic signal processing of b-adrenergic stimulation is via the adenylate cyclase system via
cyclic AMp-mediated intraceHular events. Indices of these events are measures of cyclic AMP-
dependent protein kinase activity and distribution. While catalytic activity measurements ate
difficult in frozen tissues, the photoaffinity labeling of cAPK R subunits can be reliably carded and

* used to determine relative amounts and cellular distribution of these,proteins. This method of
labeling cAPK R subunits using both a photoaffinity and an immunological probe was applied to
heart muscle tissue of rats from the Cosmos 1887 flight.

Rat heart ventricular tissue fractionation and R submfit labeling revealed a normal (compared to
control) distribution of R subunits in the soluble cell fractions and a decrease in R subunits in the
particulate cell fractions. Interpretation of these data must necessarily be conservative. First, the
findings are observational, based on single (individual flight) observations. Second, no precise
controls are available to compare results between flights (e.g., SL-3 to Cosmos 1887).
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Changes due to gravitational effects on the heart muscle under .spaceconditions are apparentin
exptwimentalanimals. These changes are occasionaUv observed on a rnorphologic basis and can
be quantitated using biochemical and immunocytochemicai methods.
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TABLE I

ProteinConcentrationO[Homogenates of Rat H_

Proteinconcentrationm_I

Sample number Control Simulated Hight

1 0.65 0.65 0.67

2 0.74 0.78 0.65

3 0.74 0.75 0.68

4 0.88 0.86 0.61"

5 0.85 0.87 0.45*

Standard error calculation showed that values marked with a star (*) differ significantly from the

average values of conh"ols.
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Fig. 1. Proteinbanding patternsof rat heart tissue fractions resolved on SDS-PAGE. The soluble
fractions of a control andflight (panel A and B, respectively) are representative and contain 15-20
majorbands. The axes are: relative peak height (Pr) on the ordinate andrelationmobility (Mr) on
the abscissa.
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Fig. 2. Incorporationof 8-N3 cAMP into total cell fraction protein. Photoaffinity labeling was
carded out as described in Methods andthe proteins were precipitated with trichloroacetic acid.
Total incorporationas cpm permg proteins are shown in the threeexpel'imentalgroups (cont, ol-viv;
synchronous control-sync and flight) of both soluble andparticulate (sol, part)cell frac_ons.
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Fig. 3. Comparison of banding patterns and R subunit distribution between soluble and particulate
fractions of the flight group heart muscle cell fi'actions. Fig. 3-A, protein banding patterns of soluble
(lanes 1-4) and paniculate (lanes 6-10) cell fractions. Lane 5 contains standard protein markers from
which relative mobilities, shown on the right ordina.te have been calculated. Fig. 3-B, autoradiogram
of western-blotted, electrophoretically separated proteip shown in fig. 3-A. Lanes 1-a soluble heart
muscle cell fraction R subunit distribution. Lanes 6-9 corresponding particulate fraction, lane 10 the
sample was treated in the presence of cold cyclic AMP to demonstrate specific reduction in ladling.
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Fig. 4. Concluded. Fig. 4-C, autoradiogram of photoaffinity labeled soluabl¢ fractions of control
and flight group heart muscle. Lanes 2-5, control; lanes 6-9, flight; lane l, NIH control; lane 10,
preincubated with colt_cyclic AMP.
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Fig. 5. Distribution of anti-RI antibody in cardiomyocytes showing e "ctronmicroscopic immuno-
gold labeling. Fig. 5-A, c_,:ss section of a blood vessel, contains a red blood cell and adjacent cardi-
omyocyte with gold particles (x42,500). Figs. 5-B and 5-C, heart tissue showing a comparison of
flight and control animal cells (x27,500).
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